We propose and demonstrate the laser cooling and trapping of Rydberg-dressed Sr atoms. By offresonantly coupling the excited state of a narrow (7 kHz) cooling transition to a high-lying Rydberg state, we transfer Rydberg properties such as enhanced electric polarizability to a stable magnetooptical trap operating at < 1 µK. By increasing the density to 1 × 10 12 cm −3 , we show that it is possible to reach a regime where the long-range interaction between Rydberg-dressed atoms becomes comparable to the kinetic energy, opening a route to combining laser cooling with tunable long-range interactions.
The strong dipolar interactions between Rydberg atoms have been exploited to perform numerous experimental breakthroughs in many-body quantum simulation [1] [2] [3] [4] , quantum information processing [5] [6] [7] and quantum non-linear optics [8] [9] [10] [11] [12] . To take advantage of coherent quantum dynamics, most of these realizations have focused on timescales shorter than the lifetime of the Rydberg state. However, there is a growing interest in extending the investigation time of Rydberg ensembles for applications in quantum simulation and metrology [13] [14] [15] . A promising method is to off-resonantly couple the ground state to a Rydberg state, resulting in the controlled admixture of some interacting Rydberg character [16] [17] [18] [19] [20] . This so-called Rydberg dressing approach could enable the realization of supersolids [21] [22] [23] [24] , frustrated or topological quantum magnetism [25] [26] [27] [28] or spin squeezing for enhanced metrology [15, 17] . Experimentally, Rydberg-dressing has been demonstrated for two atoms [29] and in optical lattices [3, 30] , but it seems to be more challenging in randomly distributed ensembles due to uncontrolled loss mechanisms [31] [32] [33] [34] .
In this Letter we introduce a new scheme where Rydberg dressing is applied to an excited state undergoing spontaneous emission (Fig. 1) . We show that Rydbergdressed atoms can be laser cooled to sub-µK temperatures and trapped in a magneto-optic trap (MOT), while simultaneously acquiring the properties of the Rydberg state such as enhanced sensitivity to DC electric fields. The result is a hybrid magneto-electro-optical trap controllable by electric as well as magnetic fields. In addition we show that the Rydberg-dressed MOT can operate in a regime where the strength of the interactions is comparable to the dissipation and the kinetic energy, and with a lifetime that exceeds that of the Rydberg state by a factor of ∼70. Although laser cooling of Rydberg-dressed atoms has been proposed as a way to protect crystalline phase against dissipative effects [20] , active cooling of Rydberg gases is a relatively unexplored area [35, 36] where interesting physics could arise from the presence of cooling and the mechanical effect of the interactions. Examples could include collisional Sisyphus-like cooling [37, 38] induced by the Rydberg-dressed potential or, in the spirit of anti-blockade experiments [39] , cooperative cooling where the collective scattering of multiple photons by groups of atoms dominates over single particle cooling.
The laser cooling and Rydberg dressing scheme is shown in Fig. 1(a) . The goal is to dress the upper state |e of the cooling transition by coupling it to a Rydberg state |r with Rabi frequencyΩ and detuning ∆. In the weak dressing limitΩ ∆, this creates a new Rydbergdressed excited state |ẽ ≈ |e − |r with dressing fraction =Ω/(2∆), that experiences an AC Stark shift δ AC = ∆( √ 1 + 4 2 − 1)/2. In contrast to previous experiments [31] , the detuning δ of the cooling laser is small, such that significant population is transferred to state |ẽ .
In addition to the AC Stark shift, two atoms in the dressed state |ẽ separated by a distance r experience a soft-core dressed interaction potential [21, 22] arXiv:1801.03846v1 [physics.atom-ph] 11 Jan 2018
3 and length scale R c = |C 6 /2 ∆| 1 6 . Here C 6 is the van der Waals coefficient associated with the Rydberg state |r . For reasonable choices ofΩ and ∆, δ AC and V 0 typically range from 0 → 100 kHz, far smaller than the linewidth of most cooling transitions.
We circumvent this limitation by using the 5s 2 1 S 0 → 5s5p 3 P 1 intercombination line in 88 Sr with a linewidth of Γ/2π = 7 kHz. Thus V 0 is comparable to both the linewidth and the kinetic energy V 0 ≈ { Γ, k B T }, while the interaction length scale R c can also exceed the mean spacing between atoms in the excited state r e . Importantly, the behaviour of the non-interacting MOT, including the effects of additional AC Stark shifts, can be simulated to very high accuracy [40] , enabling a quantitative understanding of the effects of Rydberg dressing.
The experiments begin with the formation of a MOT on the intercombination line; the loading procedure and apparatus are described in [41, 42] . The MOT was operated with an intensity per beam of I = 4-10I sat , where I sat is the saturation intensity, resulting in 1/e 2 cloud radii of 30 µm (100 µm) in the vertical (z) (horizontal (x)) direction, and temperature T z =800 nK. The trap forms where the detuning δ of the cooling laser matches the Zeeman shift from the quadrupole magnetic field and the gravitational sag [43] . As a result the detuning seen by the atoms is largely fixed and instead δ determines the cloud shape and position with a sensitivity of ∼10 kHz. To form a Rydberg-dressed MOT, the excited state |e = 5s5p 3 P 1 was coupled to the Rydberg state |r = 5s36d 3 D 1 , for which the interactions are weakly attractive [44] . The horizontally propagating dressing laser produced up to 250 mW at 319 nm [45] , and was linearly polarized in the vertical (z) direction. The 1/e 2 beam radius was 120 µm (160 µm) in the horizontal (vertical) direction, and the associated Rabi frequencyΩ was measured using Autler-Townes splitting. After dressing for a time t d , the cloud was imaged at an angle of 30
• to the coupling beam via absorption on the 461 nm transition.
The effect of the dressing laser is shown in Fig. 1(b) . For the chosen parameters 2 = 0.03 andV 0 ≡ V 0 /( Γ) = 2.5. The peak number of atoms per dressed blockade sphere N c = ηρ4πR 3 c /3 = 0.5, where η = 0.05 is the fraction of atoms in the state |ẽ (see Supplementary Information), such that the MOT is in the non-interacting regime. Fig. 1(b(i-ii) ) show that the primary consequence of the dressing is a significant vertical shift of the MOT, since the AC Stark shift δ AC adds to the detuning δ experienced by the atoms. By simultaneously adjusting the detuning such that δ → δ − δ AC during the dressing stage we compensate this AC Stark shift, and the MOT remains at its original position ( Fig. 1(b(iii)) ). The vertical shift is eliminated for a detuning compensation of +300 kHz, close to the calculated peak AC Stark shift of +325 kHz. Importantly, the cooling laser is now blue-detuned with respect to the bare transition. There- fore the compensated MOT only traps Rydberg-dressed atoms; undressed atoms outside the dressing beam are observed falling away ( Fig. 1 (b(iii))).
To verify that the Rydberg atoms are laser cooled as well as trapped, we measured the temperature (using ballistic expansion) as a function of t d as shown in Fig. 2 . Heating is observed in the first millisecond, but the temperature subsequently returns to that of the initial undressed MOT, showing that laser cooling is active during the dressing. To gain further insight into this behaviour we adapted the quantitative Monte Carlo simulations described in [40] , adding the spatially-dependent AC Stark shift due to the dressing beam (see Supplementary Information). The simulation is in quantitative agreement with the data, where the only fit parameter is the position of the dressing beam relative to the center of the quadrupole magnetic field, in this case −20 µm below and 60 µm to the side of the quadrupole centre. These simulations showed that the initial heating is the result of the spatial dependence of the AC Stark shift, which transiently leads to increased scattering from the MOT beams as atoms find themselves at the "wrong" detuning. We confirmed experimentally that this effect depends on the UV beam alignment, reflecting the sensitivity of the MOT to small changes in detuning. Subsequent cooling then occurs as the cloud shape adapts to match the new spatially-dependent resonance condition.
An essential aspect of Rydberg dressing is that the dressed atoms acquire characteristics of the Rydberg state. To show that this can occur alongside cooling and trapping, we demonstrate that the dressed MOT becomes sensitive to an applied DC electric field as a consequence of the high polarizability α r of the Rydberg state. A static electric field was applied in the horizontal (x, y) plane at an angle of 30
• to the coupling beam during the dressing time t d = 10 ms using segmented ring electrodes [42] . As shown in Fig. 3(a) , the applied electric field has a drastic effect on the shape, density and position of the MOT. At low field strength ( Fig. 3(a(i) )) where the DC Stark shift ∆ DC is small, ∆ > {Ω, ∆ DC } and the dressed state picture remains valid. In this case, atoms in |ẽ acquire a polarizability given by α e = 2 α r . For the parameters of Fig. 3 α e ≈ 10 −33 Cm 2 V −1 which is ∼10
5 times larger than that of the bare 5s5p 3 P J states [46, 47] . The resulting change in δ leads to an associated position shift. For larger fieldsΩ ≈ ∆ − ∆ DC and the variation in AC Stark shift is associated with population transfer to |r , leading to loss ( Fig. 3(a(ii)) ). The MOT distorts, as atoms in the center and wings of the cloud experience different coupling strengths due to the spatial inhomogeneity of the quadrupole field; this effect is particularly apparent for values of electric field where the dressing beam frequency lies between the resonances associated with the |m J | = 0, 1 components ( Fig. 3(a(iii)) ). At higher field strengths, the sign of the AC Stark shift is reversed (Fig. 3(a(iv) )), and the MOT forms above its initial position. Away from resonances, the shift in the vertical position of the cloud is in good agreement with that predicted from the AC Stark shift, as shown in Fig. 3(a) , provided the expected stronger coupling to the |m J | = 0 state due to the polarization of the MOT and dressing beams is taken into account. These results highlight that a trap exists for all values of electric field for which the dressing beam is sufficiently far from resonance. The Rydberg-dressed MOT can thus be viewed as a novel type of hybrid trap whose size, shape and position can be controlled by a relatively weak electric as well as magnetic fields. This enhanced sensitivity to spatially-dependent electric fields could find applications in electrometry for optical lattice clocks [48] .
The observation of interactions requires sufficient interaction strengthV 0 ≈ 1 and density (N c > 1) to be maintained over the ∼ 3 ms timescale associated with the atomic motion (Fig. 2) . Measurements of the atom number as function of t d are shown in Fig. 4(a) . For the 5s36d 3 D 1 state considered so far we observe rapid loss with a decay constant of 0.4 ± 0.1 ms at short times. Using a micro-channel plate detector, we determined that this loss is associated with ionization [49] . The DC Stark shift due to ions in the cloud brings the dressing laser onto resonance, leading to enhanced Rydberg excitation and loss. Although we observed that this effect can be partially suppressed by applying a DC electric field, a better approach is to switch to a Rydberg state with the opposite sign of DC Stark shift. The 5snd 3 D 2 states (for n < 37) have repulsive van der Waals interactions and a positive Stark shift for n < 37, such that ions shift nearby atoms out of resonance with the red-detuned dressing laser. For the n = 36, 37 states we clearly observe a reduced trap loss at short times with an electric field-independent lifetime of 1.2 ± 0.5 ms for n = 36, which is ∼70 times larger than the measured lifetime of the Rydberg state (τ =18 ± 1 µs). A drawback of working with the 5snd 3 D 2 states is that the change in sign of δ AC combined with the Gaussian spatial profile of the dressing beam leads to weaker confinement (see Supplementary Information), limiting the maximum interaction strength we could achieve toV 0 = 0.4 (N c = 1.7). This effect also appears to be responsible for the residual density-dependent decay at short times. At t d = 3 ms 20% of the atoms remain, and the subsequent decay (lifetime 5 ± 1 ms) is compatible with the observed decay of the undressed MOT after the UV beam is switched off (Fig. 4(a)) . Surprisingly, the density (Fig. 4(b) ) decays faster than the atom number. Images of the MOT (insets Fig. 4(b) ) show that this is due to a significant expansion of the cloud in the horizontal direction during dressing. After the dressing laser is switched off, the cloud returns to its original size and the density is largely restored. This expansion is independent of the principal quantum number over the range n = 34 − 37 where we expect N c to vary from 0.7 → 25 [50] , indicating it is not caused by the dressed interaction. Instead it is due to the combined effect of radiation pressure forces [51] and the spatial inhomogeneity of the AC Stark shift (see Supplemental Material).
The results shown in Fig. 4 overcome these effects is to use additional beam shaping optics to produce a uniform intensity profile. With this improvement, the data in Fig. 4 suggest that the necessary conditions for interactions can be maintained for ∼3 ms. So far we have not observed excess loss due to Rydberg impurities [31, 32, 34] , perhaps because the spontaneous decay of |ẽ naturally realises the stroboscopic dressing scheme proposed to overcome the loss in ground-state dressing experiments [31, 34, 52 ]. Lastly we turn our attention to possible signatures of Rydberg-dressed interactions. Previous work has considered the motion in the fully-coherent regime [53] [54] [55] , or alternatively the effects of dissipation in the frozen gas regime where motion is neglected [13, 56, 57] . However the Rydberg-dressed MOT operates in a complex regime where the interaction strength, dissipation and kinetic energy are all comparable in scale, limiting the usefulness of common approximations for such many-body systems. A possible solution is to combine classical equations of motion with a quantum jump approach for the internal states [20, 58] , although for the many-body case N c > 1 this appears demanding.
Instead we considered a more straightforward meanfield approach. The two-dimensional model (see Supplemental Material) accounts for many-body nature of the dressed interaction by using a step-function approximation to the dressed potential [17, 59] . The result is an additional detuning that depends on the local density of the cloud. By adding this to our model, we recursively solve for the density distribution in the presence of interactions and one-body loss from the Rydberg state. The results are shown in Fig. 5 for a uniform intensity 300×100 µm dressing beam with power 1 W, for Rydberg fractions 2 = 0.007 as in Fig. 4 and for 2 = 0.014. The interaction causes a significant density-dependent shift in the vertical position of the cloud, associated with a "bending" of the cloud since the effect of interactions is larger in the center than in the wings due to the densitydependence of the mean-field interaction. Both effects are large enough to be observed in future experiments. We note that beyond mean-field effects due to correlations are also expected, since the Rydberg-dressed interaction strongly correlates the scattering rate and hence the cooling of neighboring atoms.
In summary we have demonstrated the operation of a Rydberg-dressed magneto-optical trap operating with a lifetime in excess of 1 ms and active laser cooling to sub-µK temperatures. The admixed Rydberg fraction is evidenced by the creation of a hybrid magneto-electrooptical-trap that exploits both the large static polarizability of the Rydberg state and the long lifetime afforded by Rydberg dressing. The achievable interaction strength and density is currently limited by the non-uniform spatial profile of the dressing beam, which is straightforward to overcome in future experiments. A simple model pre-dicts that with these changes, the effect of the Rydbergdressed interaction should lead to observable changes to the cloud shape. As such, this work represents a promising step towards combining laser cooling with tunable long-range interactions.
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Supplemental Material

Modelling the dressed MOT
As discussed in the main text, the light induced forces in the MOT are weak compared to gravity. Therefore the atoms in the MOT fall under gravity until the Zeeman shift, induced by the MOT quadrupole field, matches the MOT beam detuning. Due to the nature of the quadrupole field, the resulting resonance condition forms an elliptical shell around the quadrupole centre, as shown by the contours of constant energy in Fig. 6(a) . The application of the dressing beam induces a spatially dependent AC Stark shift of the MOT transition, due to its Gaussian intensity profile. This leads to a distortion of the elliptical energy contours. The distortion is strikingly dependent of the sign of ∆. Fig. 6(b) and (c) show the energy contours for ∆ < 0 and ∆ > 0. For the case of ∆ < 0, the resonance condition becomes shallower and 'double-welled', leading to a spreading of the MOT and a weakening of the confinement. This can be seen in the top row of Fig. 7 where the MOT appears to form in two separate locations. This is the dominant reason for the difficulty in compensating the dressed MOT for ∆ < 0. Conversely, for ∆ > 0, the resonance condition becomes more deeply furrowed, facilitating strong confinement and making it easier to maintain a compensated MOT. This can also be seen in the top row of Fig.  7 where the MOT appears to form in lower positions, creating a vertically elongated MOT.
Below the experimental data in Fig. 7 is the results of a two-dimensional Monte Carlo simulation, based upon [40] . The model is semi-classical and based upon the optical Bloch equations. From the steady-state solution of the optical Bloch equations, the scattering dynamics of the atoms are calculated. The addition of the dressing beam is included by solving the three-level optical Bloch equations analytically, using Mathematica. This gives rise to the AC Stark shift of the MOT transition as well as facilitating the inclusion of an atomic loss rate, where the probability of loss is given by
where Γ r is the Rydberg state decay rate, ρ rr is the Rydberg state population and δt is the simulation timestep. This simulates the event that the direct excitation of a Rydberg atom leads to the loss of that atom from the MOT. We observe excellent agreement between the theoretical and experimental spatial distributions of the atoms in the MOT, allowing us to include density dependent Rydberg-dressed interactions into our model.
Adding Rydberg-dressed interactions
Once the local density distribution of the atoms is known, it is possible to add density-dependent interactions to the model. However, as the Rydberg-dressed interactions only occur between atoms in the dressed state |ẽ , we must first estimate η. Naively, one would expect that the steady-state, three-level Bloch solution would lead to an accurate value of ρ ee . However, due to the motion of the atoms in the quadrupole field, this is not the case. We estimate η by taking the average value of ρ ee calculated from the simulation. Fig. 8 shows η as a function of S for two experimental configurations. The first (blue diamonds) is where the power in all MOT beam directions is equal. The second (red circles) is where the power of the MOT beam in the vertical direction is three times that of the other MOT beams. We clearly observe a saturation effect at larger values of S which arises from the frequency shift due to the atomic recoil following the absorption or emission of a photon.
The Rydberg-dressed MOT operates in a complex regime where the interaction strength, dissipation and kinetic energy are all comparable in scale, limiting the usefulness of common approximations [13, [53] [54] [55] [56] [57] for such many-body systems. To fully treat this interacting system, one must include correlations between atoms as the Rydberg-dressed interactions strongly correlates the scattering rate and hence the cooling of neighboring atoms. However, the coupling of correlations as well as atomic motion is a formidable theoretical challenge. For this reason, we consider a first-order mean-field approximation to the Rydberg-dressed potential. We approximate the Rydberg-dressed potential as
where N (r ) = πR 2 c ρ 2D (r ). This leads to an additional energy shift V (N (r )) / of |ẽ that depends on the local atomic density ρ 2D (r ). This additional energy shift is included in the model which in turn alters the scattering dynamics.
Radiation Pressure
Here we detail radiation pressure effects in both the undressed and dressed MOT. The signatures of radiation trapping have been studied in a number of experiments [60] [61] [62] [63] [64] [65] , where the re-absorption of spontaneously emitted photons results in a repulsive force between the atoms which limits the maximum achievable density.
For MOTs formed on inter-combination lines (as in our experiment) there is a suppression of this effect due to the reduced scattering rate compared to that of conventional MOTs, leading to larger achievable densities [66] . However at high densities we observe an increase in both cloud temperature and width which can be attributed to radiation trapping. The radiation trapping force between two atoms separated by a distance d is defined as [51, 67] 
where σ l is the cross-section for absorption of a laser photon, σ r a re-radiated photon and I is the beam intensity. We define σ l using the on resonance cross-section, σ 0 = 3λ 2 /2π,
From [51] , the ratio σ r /σ l can be determined from n ms , the maximum attainable density in the multiple scattering regime. Due to the repulsive force between the atoms at higher trap densities, the MOT radius is determined by the number of atoms N , rather than the temperature, and scales as N 1/3 . Fig. 9 shows the undressed MOT volume as a function of atom number. Here the increase in volume for atom numbers > 2.5 × 10 5 indicates the onset of radiation trapping. Fitting a straight line to the data in this regime predicts an n ms = 1.1 ± 0.6 × 10 12 cm −3 and hence a crosssection ratio σ r /σ l ∼ 1. An increase in temperature of 0.3 µK over a range ρ of (1-7 × 10 11 ) cm −3 provides further evidence of radiation trapping. This is in agreement with data shown in [66] .
As shown in the main text, applying the dressing laser causes the cloud to expand and hence leads to a fast decay in density. The expansion results from a combination of radiation trapping along with a weakening in the trap confinement due to the Gaussian profile of the dressing beam, as described in the previous section. To first approximation, the instantaneous 'switch-on' of the dressing beam means that the atoms do not initially strongly interact with the MOT beams due to the change in resonance condition (see Fig. 6 ). This implies that radiation pressure is the dominant force in the first ∼ 2 ms and forces attributed to MOT beam scattering can be neglected. We simulate the initial expansion process of the MOT whilst dressing using a simple one-dimensional model which is based upon Eq. 4. Initially we use a normal distribution of atoms with a 1/e 2 radius of 60 µm, similar to the experimentally measured value. The total simulation is broken down into a series of time steps. At each time-step, we calculate the force and velocity of each atom due to the presence of all others. The atoms are then allowed to evolve following Newtonian dynamics, before the force is re-calculated. At each time step, the position of the atoms is recorded from which the width of the resulting distribution is measured. Fig.10 shows the model produces a similar expansion rate of the atoms in the first 2 ms, compared to the experimentally measured widths w x of the high density MOT. 3 D2 (blue circles) and 5s37d 3 D2 (purple squares) at high (filled markers) and low (hollow markers) initial densities. Also shown is the cloud width determined from the model (grey) as described in the text.
For a low initial density the increase in width is much less significant, but at longer times as MOT forces become dominant we see similar gradients at both low and high densities. Furthermore, experiments taken at different states under the same conditions show that the expansion in cloud width is independent of the Rydberg state from 34 < n < 37. These results provide evidence that the decay in density within the dressed MOT is due to a combination of radiation trapping and the change in resonance condition due to the non-uniform profile of the dressing beam.
